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EXECUTIVESUMMARY

WestinghouseHanford Company and PacificNorthwest Laboratoryare jointly
developing earthen protectivebarriers for the near-surfacedisposal of

. radioactiveand hazardouswaste at the Hanford Site. The proposed barrier
design consists of a blanket of fine-texturedsoil overlying a sequence of
layers, varying from sand to basalt riprap. The experimentsconducted at the
Small-Tube LysimeterFacility (STLF)were designed to measure the influenceof
erosion-control practices and alternatebarrier layer configurationson water
movement within the barrier, and extractionof water from the barrier.

This report describes the results of data collectedduring the period
from September 1988 through May 1992 at the STLF. Four concurrent experiments
are being performedat this facility,each of these experimentsare designed
to test different componentsof the proposed barrier. The experiments are as
follows.

Surface Treatment Effects (12 treatments with 5 repllcations)

This experiment is designed to test the effects of various erosion-
control practiceson soil-columnwater storage and evapotranspiration,and
includes all possible combinationsof the following:

• Surface treatment (plain soil, gravel admix, gravel mulch)

• Precipitation(ambient and irrigationto two to three times normal
precipitation)

• Vegetation (cheatgrassand bare).

Surface Sand and Gravel Effects (6 Treatments, S replications)

This experiment is designed to assess the effectsof aeolian deposition
of sand on a protectivebarrier. The results are compared with the effects of
a gravel mulch erosion control treatment. All of these lysimetersreceive
supplementalirrigationto two to three times averageprecipitation.
Treatments includecombinationsof the following:

• Surface layer (none, sand, gravel)
• Vegetation (cheatgrassand bare).

- Layering Sequence Effects (4 treatmentswith 5 replications)

This experiment is designed to test two different subsurfacecapillary
- break structuresunder supplementalirrigation. Treatments include

combinationsof the following:

• Bimodalor pit-run gravel sublayerversus graded sand
• The presence or absence of vegetation.

iii
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Alternative Barriers (3 Treatmentswith 5 replications)

Low-permeabilitysubsurfaceinfiltrationbarriers are being considered a
built-in redundancy for protection againstwater infiltrationthrough the
protective barrier. The performanceof these alternativebarriers is being
examined at the STLF. Describedin this report are results for clay and
chemical grout subsurfacebarriers. None of the lysimeters is vegetated and
all receive supplementalirrigation.

RESULTS

SurfaceTreatment Effects: All three of the main factors (surface
treatment, precipitation,and vegetation)had significanteffects on both
water storage change and cumulative evapotranspiration. In general,
lysimeterswith a gravel mulch surface had significantlygreater storage
change and significantlyless cumulativeevapotranspirationthan lysimeters
with either a soil or gravel admix surface. The presence of vegetation
generally increasedthe evapotranspirationand decreased the amount of
storage. Lysimetersthat received supplementalirrigationtypically had
greater evapotranspirationand greater storagethan lysimeters that received
ambient precipitation. Only the gravel mulch treatments produced detectable
quantities of drainage.

Surface Sand and Gravel Effects: A sand deposition layer had a similar
effect on soil-columnwater balance as a gravel mulch layer. Both types of
surface layers significantlydecreasedthe amount of evapotranspirationand
increasedthe amount of storagecompared to control lysimeters that have a
plain soil surface. Vegetation significantlyincreasedthe amount of
cumulative evapotranspirationand decreasedthe amount of storage in the sand
and gravel covered lysimeters,especiallyduring the summer periods. Drainage
was detected from all the sand-coveredand gravel-coveredlysimeters,with the
nonvegetatedtreatmentsproducingmore drainage than the vegetated treatments.

Layering Sequence Effects: There were no significantstorageor
evapotranspirationdifferencesbetween the bimodal and graded subsurface
layering treatments. Vegetation tended to increasethe evapotranspirationand
decrease the total storagechange only during the drier portions of the year.
No drainage was found in any of the bimodalor graded layer lysimeters.

A1ternatlveBarrier Effects: There were generallyno significantstorage
or evapotranspirationdifferencesbetween the clay and grout treatments.
However, the grout treatmentappears to have higher amounts of evapotranspira-
tion and lower storage than the clay or bimodal capillarybreak treatments
under three times the supplementalirrigation. The reasons for these
differences are not clear. None of the clay or grout lysimetersproduced
detectabledrainage.

All of the barrier configurations(exceptthose with sand or gravel
surfaces)with or without plants and with or without gravel admix prevented
drainage both under ambient precipitationconditionsand precipitation
conditionsthree times the long-term average. Theseresults indicate that the
protectivebarrier, as currentlyenvisioned,will prevent water infiltration
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under the conditions simulated,eve_ under conditionsof increasedprecipita-
tion and lack of vegetativecover as could occur followinga fire on the
barrier surface. Lysimeterswith either a sand or gravel surface produced
drainage. This suggests that if either of these conditions occur on a full-
scale protective barrier, then infiltrationmay be possible.
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1.0 INTRODUCTION

The Westinghouse Hanford Company(Westinghouse Hanford) and Pacific
Northwest Laboratory (PNL) are jointly developing protective barriers for the
long-term isolation of low-level radioactive and mixed radioactive and

" hazardous waste at the U.S. Department of Energy's Hanford Site. Protective
barriershave been identifiedas an integral part of the overall final
CJisposalstrategy for low-leveldefensewaste at the Hanford Site (DOE 1987).

Several performanceobjectiveshave been developed for a protective
barrier: (I) water infiltrationto and through the waste should be limitedto
near-zeroamounts, (2) intrusioninto the waste by plants, animals, and humans
should be minimized, (3) minimal wind and/orwater erosion should occur during
the functional lifetime of the barrier, and (4) the barrier should be
maintenancefree and functianalfor a period of at least 1,000 years.
A protective barrierdesigned to meet these general criteria should isolate
the waste, should minimize the transport and release of contaminantsto the
environment,and could be considerablyless expensivethan other treatmentand
disposal options (DOE 1987).

The current conceptualdesign of the HanfordSite protective barrier is a
multilayeredearthen structureconsisting of a fine soil surface layer
overlyinga sequence of layers grading downward from sand to basalt riprap.
The textural difference between the fine soil and courser materials functions
as a capillary break that helps preventwater from flowing from the finer
material to the cour_er material. This allows the fine soil layer to hold
more moisture than if this capillary break were not present. Water held above
the textural interfacecan then be recycled back to the atmospherethrough the
processesof evaporationand plant transpiration. Additional, redundant
infiltrationbarriers of clay, chemical grout, or asphalt may also be included
in the design. The basalt riprap layer is designed to reduce plant-root and
animal intrusion into the waste, and may also serve as a deterrentto human
intrusion. Erosion controlwill be accomplishedthrough the placementof
gravel on the surfaceof the fine soil surface either as a mulch, or as an
"admixture"(homogeneousmixture of gravel and soil) in the upper soil layers,
establishmentof a vegetativecover, and control of the barrier surface slope
angle. Preliminarywind tunnel investigationsindicatethat both methods
provide adequate protectionfrom wind erosion (Ligotke1989, Ligotke and
Kopfer 1990). The conceptualprotectivebarrier utilizes only "natural"
materials that are expected to withstanddegradationfor at least 1,000 years.

. The Small-Tube LysimeterFacility (STLF)was designed and constructedto
test the effects of differentlayering sequences,surface erosion control
practices and alternativeinfiltrationbarrierson the soil column water4

. balance of a simulatedprotectivebarrier (Waughand Link 1987, Relyea et al.
1990, Freeman et al. 1989). The conceptualbarrier utilizes a carefully
graded series of gravel, sand, and fine soil to form a stable capillary break.
An alternativestructureof the capillarybreak is fine soil over a "bimodal"
mixture of gravel and sand. The latter would probably be less expensive to
construct and would more closely resemble natural soil structures on the
Hanford Site. However, because the bimodal design may be less effective in
the minimizationof infiltration,this is currentlybeing tested at the STLF.

I-1
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The addition of gravel to the barrier surface either as a mulch or as an
admtx will provide considerable erosion protection compared with a bare soil
surface. The surface gravel also may affect infiltration and decrease the
amount of soil evaporation, thus increasing the likelihood of water infiltra-
tion through the waste. These effects are being examined at the STLF and at
the Admix Gravel Test Plots (Waugh and Link 1987, Waugh1989). An additional
potentialproblem for a protectivebarrier is the eolian deposition of sand on
top of the fine soil layer. This also would be expected to increasethe soil
permeabilityand reduce the amount of evaporation. This effect is also being
examined at the STLF.

The inclusion of a very low-permeability sublayer within the protective
barrier would function as a redundant infiltration barrier and wo_,ld help to
protect the underlying waste even during extremely high-intensity storm
events. The efficacy of sublayers of clay, chemical grout, and various types
of asphalt are being studied at the STLF. Studies involving clay and chemical
grout sublayers are described in this report; the asphalt experiments are
described separately (Freeman et al. 1989, Freeman and Gee 1989).

This report describes the operations and results of nearly 4 years of
data collection at the STLF. Relyea et al. (1990) describe the initial
conditions and fill specifications for each of the lysimeters.
Sackschewsky et al. (1991) described the results collected over the first
2 years of monitoring. This report discusses the monitoring results collected
from fiscal year (FY) !989 through FY 1992.

1-2
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2.0 I'IATERIALSANDMETHODS

2.1 THE SHALL-TUBELYSIMETERFACII.ITY

The STLF is located adjacent to the Hanford Meteorological Station (HMS),
within the protective Barrier Field Lysimeter Complex. It consists of
105 lysimeters arranged in an array of 21 rows of 5 lysimeters each
(Figure 2-1). Eighty of the lysimeters (rows 1 through 16) are used to test

- the effects of various erosion control practices,sand deposition, and barrier
layering sequenceson soil column water balance. The remaining25 lysimeters
(rows 17 through 21) are used to test alternativeinfiltrationbarriers (clay,
chemical grout, asphalt)that have been proposed as "impermeable"components
of a protectivebarrier system (Freemanet al. 1989).

Each lysimeterconsists of a 169-cm-long,30.4-cm-ID acrylonitrile-
butadiene-styrene(ABS) well casing placed inside a 175-cm-long,3g-cm-dm
polyvlnyl-chlorlde(PVC) sleeve. The tops of the sleeves and lysimetertubes
are placed approximately2.5 cm above grade. A rubber insulatingcollar
(36-cm bicycle inner tube, painted white) is placed at the upper end of each
lysimeter tube to minimize heat transfer between the atmosphereand the
airspace between the sleeve and lysimetertube. Each lysimetertube is fitted
with a recessed cap at the bottom and an aluminum lifting collar at the top.
The aluminum collar serves both as a rigging attachmentpoint during weighing
and as a coupling interfacefor an acrylicplant-gasexchaF_gechamber used for
separate controlled experimentson photosynthesisand evapotranspiration(ET)
(Waugh and Link 1987, Link and Waugh 1989, Link et al. 1990).

The sealed tube serves as a combined weighing and drainage lysimeter.
Drainage is measuredmonthly by collectingwater from a clear, flexible
polymer tube that Is fitted to a threaded drain hole at the low end of the end
cap. Changes in water storage are estimatedas the monthly weight change
measured by suspendingthe lysimetersfrom a load cell attached to a gantry
crane.

The lysimeterswere each filled by hand with layers of gravel, sand, silt
loam soil, "pit-run"gravel, and impermeablebarriermaterial. The exact
materials and layering sequencesfor each tube depended on the assigned
treatment combinationfor that lysimeter (Figure2-2). The treatment
combinationsare describedin Section 2.2, and complete descriptionsof the
lift thicknesses,weights, moisture contents,and initialconditions for each
lysimeter can be found in Relyea et al. (1990). Constructionand fillingwere

. completed in mid-September1988. A section of black steel grating (I by 2 m)
is placed at the soil surface between the rows of lysimeters. These grating
sections allow workers to move about the facilitywith minimal disturbanceto

. the lysimeters.

2-1
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Figure 2-I. Small-TubeLysimeterArray Within
the Field LysimeterComplex.
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Figure 2-2. TreatmentNumbers.
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2.2 DESCRIPTIONOF EXPERIHENTS

The experiments at STLF represent an expansion of the studies conducted
at the Field LysimeterTest Facility (FLTF) (Kirkhamet al. 1987). Several of
the treatmentcombinationsare in common with the treatments included in the

FLTF design, and some match the conditions in previous UNSAT-H simulationsof
unsaturatedsoil water movement (Fayeret al. 1985) performed in support of
the Hanford Site protectivebarrier program. The data acquired at STLF will
supplementthe FLTF data for validation of the UNSAT-H computer code
(Fayer ]990). The primary advantageof performingexperimentsat STLF is the
ability to increase greatly both the number of treatment combinationsand the
number of replicatesof each treatment, thus improvingthe statisticalpower
and confidence levels associatedwith the analysis of the resultantdata
(Waugh and Link 1987).

The studies conductedat STLF are primarily comparativeexperiments
devised to measure the influenceon water storage, evapotranspiration,and
drainage of the followingfactors:

• Surface gravel admix and gravel mulch
• Sand deposition
• 2 to 3 time the long-term averageprecipitation
• Vegetation
• Structural sequenceof the capillary break
• "Impermeable"alternativeinfiltrationbarriers.

One or more of these factors are included in the treatmentcombination
assigned to each lysimeter. These treatmentcombinationsare summarized in
Table 2-I. Treatmentdescriptionsand initialresults of the asphalt barrier
tests are provided in Freeman et al. (1989) and Freeman and Gee (1989).

The inclusionof all six of the factors, listed previously, in one
experimentaldesign would require a facility at least twice as large as the
present STLF and would result in several impracticaltreatment combinations.
Therefore, four interconnectedbut separateexperiments (statisticalmodels)
are performed simultaneouslyto analyze the effects of the six factors of
interest. A complete statisticaldescriptionof these models is provided in
Relyea et al. (1990). The experimentaldesigns are briefly summarizedhere.

2.2.1 Experiment

The first experiment is a 3 x 2 x 2 factorial analysis of variance
designed to test the effects of erosion-controlpractices, lt includes three
different surface treatments (plain soil, 30 percentgravel admix, and surface
gravel mulch), two levels of precipitation(ambientand supplemental
irrigation),and the presence or absenceof vegetation. There are a total of
12 treatment combinations(treatmentsI through 12), with 5 replicates of each
combination. All of the lysimeters in this experimenthave a "graded"
capillary break Structure.

2--4
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Table 2-2. MeasurementDates.
,,,,,, ...........

Days since Measurement Days sinceMeasurement Date Date
period 9/I/88 period 9/I/88

,, , ,,,,,

1 16-Dec-88 106 17" 03-May-g0 609
,,

Z 23-Jan-89 144 18 05-Jun-90 642

3 13-Mar-89 193 19 02-Jul-90 669

4 06-Apr-89 217 20 08-Aug-90 706

5" 01-May-89 242 21 13-Sep-90 742

6 01-Jun-89 273 22* 01-0ct-90 760
,, ,,,

7 29-Jun-89 301 23 15-Nov-90 805
...,.

8 02-Aug-89 335 24 08-Jan-91 859

9 Ol-Sep-89 365 25 14-Feb-91 896

10" 02-0ct-89 396 26" 20-Mar-g1 930

II OI-Nov-89 426 27 26-Apr-91 967

12 05-Dec-89 460 28 30-Jul-91 1,062

13 03-Jan-90 489 29" 12-Sep-91 I,106
, ,i

14 31-Jan-90 517 30 04-Nov-g1 1,159

15 05-Mar-g0 550 31 17-Mar-92 1,293

16 02-Apr-90 578 .32* 06-May-g2 1,343
,,

Q

Indicatesdates used in statisticalanalyses.
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2.2.2 Experiment2

This experiment is a 2 x 2 factorialanalysis of variance designed to
test the effects of differentcapillary break layering sequences, lt includes
two different capillarybreak structures ("graded"sand versus the bimodal or
soil over pitrun gravel/sandstructure) and the presence and absence of
vegetation. This experiment includesfour treatmentcombinations
(treatments2, 8, 15, and 16) with five replicatesof each treatment.

2.2.3 Experiment 3

The third experiment is a 2 x 2 factorialanalysis of variance designed
to test the effects of a sand deposition layer and vegetationon soil column
water balance, lt includes2 sand depositiontreatments (surface sand layer
and 20-cm surface sand layer) and 2 levels of vegetation (vegetationand
cheatgrass). This experiment includes treatmentcombinations2, 8, 13, and
14, with five replicatesof each treatmentcombination. Each of these
lysimeters has the "gradedsand" capillarybreak. All of the lysimetersin
experiments2 and 3 receive the supplementalirrigationtreatment.

2.2.4 Experiment4

The fourth experimentuses a one-way analysis of variance to compare the
effects of a clay subsurfacelayer (treatment17), a chemical grout layer
(treatment18), and the designatedcontrol treatment (bimodal capillary
break--treatment15), using five replicatesof each treatment. An additional
control treatment (gradedsubsurfacecapillary break) in some of the analysis
was included. All of the lysimetersin this experiment receive the
supplementalirrigationtreatment and none are vegetated.

t

The 80 lysimetersused in experimentsone through three are arranged
randomly throughout rows I through 16 of the STLF array (Figure2-3). The
five lysimetersused for testing the clay layer are in row 17, and the five
used for chemical grout are in row 18. Rows 19 through 21 are used for a
separateevaluation of asphalt subsurfacelayers (Freemanet al. 1989) and are
not included in the main statisticaldesign.

2.3 SUPPLEMENTALAPPLIED IRRIGATION

. Two precipitationtreatments are includedin the STLF experiments. The
ambient treatmentlysimetersreceive only natural precipitation,the amount of
which is recorded at the HMS. The supplementalirrigationtreatmentreceives

. natural precipitationplus enough irrigationto bring the total water input to
a predeterminedtotal. For the first 2 years of the experimentsthe amount
added increasedthe total water input to twice the long-termmonthly average.
Since November 1990 this has been increasedtothree times the long-term
bimonthlyaverage. Irrigationwas appliedmonthly during the first 2 years
and bimonthlyduring the second 2 years. Irrigationis appliedduring a
period of I to 4 hours within 2 to 3 weeks followingthe end of each month for
which rainfall is less than twice the long-termaverage. Figure 2-4 shows the
monthly average precipitation,the recorded precipitationand the amounts of
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Figure 2-3. SurfaceTreatment and Layering Sequence Experiments.
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Figure 2-4. Irrigationand Precipitation,
September1988 through September 1992.
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irrigationapplied during each month of the study. In April 1989 some of the
ambient tubes were inadvertentlyirrigated;the same amount of water (2.49 cm)
was subsequentlyadded to all of the ambienttubes to preserve the statistical
models describedpreviously.

2.4 LYSIMETERPLANTINGS

The 40 lysimeters receiving a vegetated surface treatment (treatments 7
through 12, 14, and 16) were seeded with cheatgrass (Bromus tectorum)in early
October, 1989. The seed used was collected from the Hanford Arid Lands
Ecology (ALE) Reserve during early June 1989. Seeds were hand stripped from
plants selected to be as free of smut as possible. The seeds were air dried
and maintained at room temperaturein paper bags until planting. Before
planting, the seeds were divided into 40 aliquots of approximately1,000 seeds
each, and each aliquotwas individuallybagged. Just before planting,
cheatgrasslitter was obtained from the ALE reserve to serve as mulch.

' The followingplanting procedureswere used. On the lysimeterswith a
surface of plain soil or gravel admix, the soil crust was broken, the seeds
contained in one bag were distributedevenly over the disturbed soil, and the
seeds then were packed lightly by hand and mulched with approximatelyI cm of
cheatgrasslitter. On lysimeterswith sand surfaces,the sand was lightly
disturbed, then the same procedurewas followed. Lysimeterswith gravel mulch
on the surfacewere not disturbedbefore planting. At planting, ambient soil
moisture was generallylow, because the normal autumn rains had not yet begun.
In the surroundingenvironment,cheatgrasshad not yet begun to germinate.

The lysimeterswere replantedwith cheatgrass in October 1990. The same
procedureswere used as in 1989, with the addition of 0.53 g ammonium nitrate
per lysimeter (equivalentto 25 Kg N/Ha).

Although no plant biomass data have been collected,visual observation
indicatedthat the amount of plant material on the lysimetersduring FY 1990
was significantlyless than the surroundingshrub areas. The amount of plant
biomass significantlyincreasedduring FY 1991 and during FY 1992, even though
no additional seed was providedduring FY 1992.

Plannedchanges for FY 1993 includethe introductionof perennial
bunchgrasses(probablySiberianwheatgrass,Agropyron sibericum)to the
lysimeters. This will allow for comparisonsof the relative effects of annual
and perennialgrasses on the soil column water balance.

2.5 TEMPERATUREEFFECTS

Questions concerning thermal gradients in and around the lysimeters were
addressed during FY 1990. Two basic issues were addressed: (1) the
possibility of uneven surface temperatures caused by the presence of the black
steel grating placed between the lysimeter rows, and (2) vertical gradients
within the annulus between the lysimeter tubes and the sleeves that may create
temperatureprofiles that are not reflectiveof the "natural"soil profiles.
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Hand-heldradiometermeasurementsof surface temperaturesindicatedthat
the presence of the black steel grating does not significantlyeffect the
surface temperaturesof the lysimeters (Sackschewskyet al. 1991).

Several 'insulationmethods were consideredbut rejected because of the
concern that the insulationwould absorb water and thereby influencelysimeter

" weights, making it impossibleto determine soil water balance parameters
accurately by weight change alone. Even a closed-cellfoam was found to
absorb considerableamounts of water. Bicycle inner tubes of the proper

• diameter were availab'leto fit snugly over the lysimeters and, when inflated,
the inner tubes would fill the interspacebetween the lysimeterand the
sleeve. Initial trials indicatedthe inner tubes are easily installedand
removed, are flexible, and perform as an inflatablerubber gasket without
absorbingwater. The trials also indicatedthat the inner-tubegaskets
provide adequate insulationfor the lysimeters (Sackschewskyet al. 1991).
All of the lysimeterswere fitted with the inner-tubecollars in April 1990.
The primary problem associatedwith these collars is the relatively short
life-spanof the inner tubes under field conditions. Improvementsto the
system are currentlybeing explored.

2.6 Data Analysis

Reported here are the overall trends observed in water storage and ET
under the differenttreatmentcombinationsduring the period from September
1988 through May 1992. Additionally,more rigorous statisticalanalyses are
provided for the storage change and cumulative ET observed at seven selected
measurementdates (May 1989, October 1989, May 1990, October 1990, March 1991,
September 1991, and March 1992). These dates were selected to correspond to
the yearly minima and maxima in storagechange. Dates in Septemberor October
correspondto the seasonalminima in lysimeterwater storage, while those in
the spring correspond to the seasonalmaxima. In general, the treatment
differencespresent at these selecteddates are representativeof the other
25 measurementdates. A list of all of the measurementdates, and the
correspondingnumber of days into the experimentfor each measurementdate is
providea in Table 2-2. Treatmentdifferencesat the selected sampling dates
were compared using Duncan'smultiple range test (Snedecorand Cochran 1980),
and differencesare consideredstatisticallysignificantat p _0.05.
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3.0 WATERBALANCERESULTS

3.1 SURFACETREATRENTS

The long-termpatterns cf mean lysimeterwater storage change is
• presented in Figure 3-I. The companion pattern for cumulativeevapotranspira-

tlon is presented in Figure 3-2. In general, greater amounts of water storage
and less ET are found in the gravel mulch lysimetersthan in either the gravel

• admix or plain soil surface lysimeters. Irrigationtends to increase both
water storage and ET. Vegetationtends to decrease storage and increase ET.
The plain soil and gravel admix treatmentsare very similar in terms of both
storage and ET patterns. The patterns for the vegetatedtreatments are almost
identical,while in the nonvegetatedtreatmentthe admix lysimeters have a
slightlygreater amount of storage (2 to 4 cm) and slightly lower ET; these
differencesare never significant. The pair of treatmentsthat does not seem
to follow the general patterns are the two grave1 mulch, nonirrigated
treatments;with vegetationboth ET and storage are very similar to the plain
soil and admix treatments. In the absenceof vegetation,there has been a
steady increase in storage such that the nonirrigatedlysimetersare becoming
similarto the irrigatedlysimeters.

The results of the statisticalanalyses of storage change and ET for the
seven selected samplingdates are presented in Tables 3-1 through 3-7,
Figures3-I through 3-16 show the treatmentmeans and indicate significant
treatmentdifferences. Bars labeledwith differentletters, within a sampling
date, indicate that the treatmentdifferencesare significantlydifferentat
p _0.05.

The main effects of surfacetype, irrigationtreatment, and vegetation
were always highly significantfor both storage and ET. The significant
effect of surface treatment is primarilybecause the grave1 mulch surfaces
have significantlyloHer ET and greater storage than the other two surface
treatments. _rrigationincreasesboth storage and ET relative to the
nonirrigatedtreatment,the differencesin ET were usually greater than the
differencesin storage. Vegetationhad a significanteffect on both ET and
storage at all analysisdates except the f_rst (May 1989). There was very
little vegetation present at that measurementdate. In general, the presence
of vegetation increasedET and decreased storage.

The only interactioneffect that was consistentlysignificant is the
surface-typex irrigation interaction. This is mainly because of the much
larger increase in storageassociatedwith irrigationin the gravel mulch

" treatmentscompared to the plain soil or gravel admix treatments. Each of the
other interactioneffects (Surfacex Vegetation,Irrigationx Vegetation,and

. Surface x Vegetationx Irrigation)were occasionallysignificant. These
occurrencesare probably primarilycaused by the large differences between the
vegetatedand nonvegetated,nonirrigated,gravel mulch treatments,and/or by
the effects of vegetationon the soil and admix lysimeters in the su_er
of ]991. The data indicate that irrigationallowed the vegetationon these
lysimetersto grow to the point where the plants ended up extracting a much
greater amount of water from the irrigatedlysimetersthan in the nonirrigated
lysimeters,resulting in lower storagevalues in the irrigatedlysimeters than
in the nonirrigatedlysimeters,which is the opposite of the normal pattern.
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Table 3-I. SurfaceTreatments Analysis of Variance,
September 1988 to May 1989.

CUMULATIVESTORAGE CHANGE

Source DF Sum of Mean square F P
squares

i i, ''

Surface 2 1,753.08 876.54 119.26 0.000
i i

Vegetation 1 3.98 3.98 0.54 0.456 •i

Irrigation 1 260.04 260.04 35.38 0.000i

Surface x 2 19.22 9.61 1.31 0.280
vegetation

Surface x 2 16.80 8.40 1.14 30.327
irrigation

i

Vegetation x 1 2.87 2.87 0.39 0.535
irrigation , ,,,

i i

Surface x 2 3.04 1.519 0.21 0.814
,vegetation x
irrigation

i

Error 48 352.79 7.35
i

CUMULATIVE EVAPOTRANSPIRATION
ii,..i

Source DF Sum of Mean square F P
squares

ii

Surface 2 1,751.23 875.62 119.65 0.000

Vegetation I 4.17 4.17 0.57 0.454
i i

Irrigation I 114.11 114.11 15.59 0.000
i

Surface x 2 18.77 9.38 1.28 0.287
vegetation

, I

Surface x 2 18.77 9.38 1.28 0.287
irrigation
i i ,,

Vegetation x 1 2.68 2.68 0.37 0.548
irrigation

Surface x 2 3.09 1.55 0.21 0.810
vegetationx
irrigation

i

Error 48 351.26 7.32
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Table 3-2. SurfaceTreatmentsAnalysis of Variance,
September1988 to October 1989.

CUMULATIVESTORAGE CHANGE

Source DF Sum of Mean square F P
• squares

Surface 2 2,285.51 1,142.76 71.75 0.000

" Vegetation 1 389.12 389.12 24.43 0.000
i

Irrigation 1 363.72 363.72 22.84 0.000
i

Surfacex 2 34.00 17.00 1.07 0.352
vegetation

Surface x 2 273.19 136.60 8.58 0.001
irrigation

Vegetationx I 18.10 18.10 1.14 0.292
irrigation

l

Surface x 2 42.71 21.36 1.34 0.271
vegetation x
irrigation

,,

Error 48 764.48 15.93
i

CUMULATIVEEVAPOTRANSPIRATION

Source DF Sum of Mean square F P
squares

i

Surface 2 2,283.64 1,141.82 72.08 0.000
,,.i

Vegetation I 391.04 391.04 24.69 0.000

Irrigation I 690.92 690.92 43.62 0.000
i , ,,

Surface x 2 33.36 16.68 1.05 0.357
vegetation

Surface x 2 272.11 136.05 8.59 0.001
irrigation

Vegetationx I 18.57 18.57 1.17 0.284
irrigation

Surface x 2 43.54 21.77 1.37 0.263
vegetationx
irrigation

i

Error 48 760.38 15.84
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Table 3-3. Surface Treatments Analysis of Variance,
September 1988 to May 1990.

CUMULATIVESTORAGECHANGE

Source DF Sumof Hean square F Psquares

Surface 2 4,864.25 2,432.13 145.97 0.000

Vegetation 1 366.01 366.01 21.97 0.000 "

Irrigation 1 1,766.78 1,766.78 106.04 0.000

Surface x 2 113.74 56.87 3.41 0.041
vegetation

Surface x 2 916.48 458.24 27.50 0.000
irrigation

Vegetationx I 22.03 22.03 1.32 0.256
irrigation

Surface x 2 31.32 15.66 0.94 0.398
vegetation x
irrigation

Error 48 799.79 16.66

CUMULATIVE EVAPOTRANSPIRATION
.....

Source DF Sum of Mean square F P
squares

ii i ''

Surface 2 4,968.03 2,484.01 156.88 0.000

Vegetation 1 383.94 383.94 24.25 0.000Ii i i,,

Irrigation 1 4,157.51 4,157.51 262.58 0.000

Surface x 2 123.84 61.92 3.91 0.027
vegetation

i ii ,, ' '

Surface x 2 961.81 480.90 30.37 0.000
irrigation

,,,,,,

Vegetationx I 18.78 18.78 1.19 0.282
irrigation

,i

Surface x 2 25.80 12.90 0.815 0.449
vegetationx
irrigation

i , '_"

Error 48 760.00 15.83
, ,,,,,
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Table 3-4. Surface TreatmentsAnalysis of Variance,
September 1988 to October 1990.

.,

CUMULATIVE STORAGECHANGE

Source DF Sum of Mean square F P
. squares

.....

Surface 2 5,094.33 2,547.17 138.42 0.000
iii

" Vegetati on 1 429.59 429.59 23.25 O.000
i

Irrigation I 891.25 891.25 48.43 0.000
m,

Surface x 2 105.51 52.76 2.87 0.067
vegetation

Surface x 2 904,60 452.30 24.58 0.000
irrigation

,i

Vegetationx I 22.83 22.83 1.24 0.271
irrigation

i

Surface x 2 77.18 38.59 2.10 0.134
vegetation x
irrigation

.,

Error 48 883.27 18.40
m

CUMULATIVEEVAPOTRANSPIRATION
ii i|.i i

Source DF Sum of Mean square F P
squares

Surface 2 5,267.43 2,633.71 150.76 0.000
p

Vegetation I 472.84 472.84 27.07 0.000

Irrigation I 7,999.65 7,999.65 457.93 0.000

Surfacex 2 123.99 62.00 3.55 0.037
vegetation

,ii

Surfacex 2 1,000.51 500.26 28.64 0.000
irrigation

vegetationx I 16.93 16.93 0.97 0.330
irrigation

i ,,, .,..

Surface x 2 61.51 30.76 1.761 0.183
vegetation x
irrigation

Error 48 838.52 17.47
..
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Table 3-5. Surface TreatmentsAnalysis of Variance,
September1988 to March 1991.

CUMULATIVESTORAGE CHANGE

Source DF Sum of Mean square F P
squares

,. ,,.. ,,.

Surface 2 5,336.36 2,668.18 154.56 0.000
i

Vegetation 1 178.27 178.27 10.33 0.002
___ i ii. i

Irrigation 1 4,005.78 4,005.78 232.05 0.000
ll,i , . .,

Surface x 2 78.98 39.49 2.29 0.112
vegetation

Surface x 2 438.19 219.10 12.69 0.000
irrigation

Vegetationx I 78.62 78.62 4.55 0.038
irrigation

i

Surface x 2 156.34 78.17 4.53 0.016
vegetation x
irrigation

Error 48 828.61 17.26
i Hl , ,,

CUMULATIVE EVAPOTRANSPIRATION
..,,,. , , ,, ,,,,

Source DF Sum of Mean square F P
squares

i,ii

Surface 2 5,884.33 2,942.16 198.75 0.000
i

Vegetation I 232.23 232.23 15.69 0.000
i i ,. ,,

Irrigation I 17,300.02 17,300.02 1,168.67 0.000
i

Surface x 2 116.86 58.43 3.95 0.026 J

vegetation
i

Surface x 2 622.38 311.19 21.02 0.000
irrigation

., ,. ,. ,..,

Vegetation x I 53.78 53.78 3.63 0.063
irrigation

Surface x 2 107.92 53.96 3.65 0.034
vegetationx
irrigation

Error 48 710.55 14.80
.
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Table 3-6. Surface TreatmentsAnalysis of Variance,
September 1988 to September1991.

CUMULATIVE STORAGECHANGE
,,,,

Source DF Sum of Mean square F P
• squares

Surface 2 7,711.09 3,855.54 125.62 0.000

Vegetation I 1,939.09 1,939.09 63.18 0.000

Irrigation I 353.50 .353.50 11.52 0.001
ii

Surface x 2 50.42 25.21 0.82 0.446
vegetation

Surface x 2 809.05 404.52 13.18 0.000
irrigation

Vegetationx I 17.82 17.82 0.58 0.450
irrigation .

Surface x 2 538.44 269.22 8.77 0.001
vegetation x
irrigation

Error 48 1,473.26 30.69
i ,,

CUMULATIVEEVAPOTRANSPIRATION
i

Source DF Sum of Mean square F P
squares

Surface 2 8,712.88 4,356.44 158.00 0.000
i

Vegetation I 2,175.35 2,175.35 78.90 0.000
,i

Irrigation I 42,818.31 42,818.31 1,552.98 0.000

Surface x 2 75.54 37.77 1.37 0.264
vegetation

i

Surface x 2 1,162.80 581.40 21.09 0.000
irrigation

Vegetation x I 39.76 39.76 1.44 0.236
irrigation

•

Surface x 2 408.93 204.46 7.42 0.002
vegetationx
irrigation

,,

Error 48 1,323.44 27.57
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Table 3-7. Surface TreatmentsAnalysis of Variance,
September 1988 to March 1992.

CUMULATIVESTORAGE CHANGE
i

Source DF Sum of Mean square F P
squares

i

Surface 2 7,209.60 3,604.80 132.19 0.000

Vegetation 1 1,233.98 1,233.98 45.25 0.000 "
,,

Irrigation I 1,557.52 1,557.52 57.12 0.000

Surface x 2 50.40 25.20 0.92 0.404
vegetation

i

Surface x 2 338.91 169.46 6.21 0.004
irrigation

Vegetation x I 0.87 0.87 0.03 0.859
irrigation

i ,,ip, ,

Surface x 2 789.69 394.84 14.48 0.000
vegetation x
irrigation

Error 48 1,308.91 27.27

CUMULATIVE EVAPOTRANSPIRATION
,,,

Source DF Sum of Mean square F P
squares

i i ,,,,, ,,,

Surface 2 8,550.32 4,275.16 189.28 0.000
i

Vegetation I 1,488.92 1,488.92 65.92 0.000
, ,,

Irrigation I 55,771.09 55,771.09 2,469.17 0.000
,,,

Surface x 2 94.12 47.06 2.08 0.136
vegetation

i

Surface x 2 631.46 315.73 13.98 0.000
irrigation

Vegetationx I 1.77 1.77 0.08 0.781
irrigation

, , ,,

Surface x 2 618.35 309.17 13.69 0.000
vegetation x
irrigation

Error 48 1,084.18 22.59
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Figure 3-3. SurfaceTreatmentsStorage Change Differences,
September 1988 to May 1989.
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Figure 3-4. SurfaceTreatmentsTotal EvapotranspirationDifferences,
September1988 to May 1989.
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Figure 3-5. SurfaceTreatmentsStorage Change Differences,
September 1988 to October 1989.
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Figure 3-6. Surface TreatmentsTotal EvapotranspirationDifferences,
September 1988 to October 1989.
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Figure 3-7. Surface Treatments Storage Change Differences,
September 1988 to May 1990.
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Figure 3-8. Surface TreatmentsTotal EvapotranspirationDifferences,
September 1988 to May 1990.
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Figure 3-9. Surface TreatmentsStorage Change Differences,
September 1988 to October 1990.
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Figure 3-10. Surface Treatments Total Evapotranspiration Differences,
September 1988 to October 1990.
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Figure3-11. SurfaceTreatmentsStorage Change Differences,
September1988 to March 1991.
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Figure 3-12. Surface TreatmentsTotal EvapotranspirationDifferences,
September1988, to March 1991.
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Figure 3-13. SurfaceTreatments StorageChange Differences,
September 1988 to September1991.
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Figure 3-14. Surface TreatmentsTotal EvapotranspirationDifferences,
September1988 to September 1991.
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Figure 3-15. SurfaceTreatmentsStorage Change Differences,
September 1988 to March 1992.
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Figure 3-16. SurfaceTreatments Total EvapotranspirationDifferences,
September1988 to March Igg2.
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All of the gravel mulch treatments,except the nonirrigated,vegetated
gravel mulch treatment,have produceddetectable amounts of drainage. The
irrigated,nonvegetatedtreatmenthad the greatest amount of drainage,
followedby the irrigated,vegetated, and the nonirrigated,nonvegetated
treatments (Figure3-17). Although the mean differencesamong these
treatmentsmay appear fairly large, the differencesamong the gravel mulch

• treatments are not statisticallydifferentbecause of the large amount of
within-treatmentvariation• In fact, only the irrigated,nonvegetated
treatmentIs significantlygreater than the soil or admix treatments,none of

. which has produced any detectabledrainage.

3.2 SANDANDGRAVELDEPOSITIONLAYERS

The long-term patterns for drainage, storage change, and ET for the
gravel and sand deposition treatments are shown in Figures 3-17, 3-18,
and 3-19, respectively. The sand-covered, nonvegetated treatment had the
highest mean cumulative drainage, although this was not significantly
different from the nonvegetated, gravel mulch treatment. The presence of
vegetation greatly decreases the amount of mean drainage, but the large amount
of variation amongthe lysimeters within each treatment obscures the
differences in the means. For the sand-covered lysimeters, the amount of
drainage from the vegetated and nonvegetated lysimeters is significantly
different, but this is not true for the gravel mulch lysimeters. In general,
the values of storage and ET are similar for the sand and gravel treatments,
because the storage value is much higher and the ET value is much lower under
these treatments than under the control treatments, which in this case are
vegetated and nonvegetated, irrigated, plain soil surface treatments.

The statistical analyses for storage and ET on the selected analysis
dates are presented in Tables 3-8 through 3-14. The treatment means and
indications of statistically significant differences are shown graphically in
Figure 3-20 (Storage) and Figure 3-21 (ET). In this case bars within a
samplingdate labeled with the same letters are not significantlydifferent at
p _0.05.

The surface treatmentmain effect was always significant,almost entirely
becauseof the large differencesbetweenthe sand or gravel treatments and the
plain soil control. In generalthe sand-coveredand gravel mulch lysimeters
had very similar values for storage and ET; when significantdifferencesdo
occur the sand treatmentusually has a lower storage and/or higher ET than the
comparablegravel mulch treatment. The vegetationmain effect was often
significant,with the vegetatedlysimetershaving lower storage and higher ET

• than the nonvegetatedtreatments. The analysisdates that did not show a
significantvegetation effect all occurred in the spring, after the period of
the greatest water input and the least potential ET. The interactioneffect

• of surface type X vegetationwas never significantfor either ET or storage
change.
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Figure 3-17. IrrigatedGravel and Sand Treatments
CumulativeDrainage.
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Figure 3-19. IrrigatedGravel and Sand Treatments
CumulativeEvapotranspiration.
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Table 3-8. Sand and Gravel Mulches Analysis of Variance,
September 1988 to May 1989.

CUMULATIVESTORAGECHANGE

Source DF Sumof Mean square F Psquares

" Vegetation 1 1.74 1.74 0.43 0.517

°Surface type 2 1,035.32 517.66 128.75 0.000

" Vegetation x 2 1.53 0.77 0.19 0.828
surface

Error 24 96.49 4.02

CUMULATIVEEVAPOTRANSPIRATION

Source DF sumof Mean square F P
squares

i

Vegetation 1 1.64 1.64 0.41 0.528

Surface type 2 1,037.71 518.86 129.77 0.000
i

Vegetation x 2 ].51 0.76 0.189 0.829
surface i

Error 24 95.96 4.00

Table 3-9. Sand and Gravel Mulches Analysis of Variance,
September 1988 to October 1989.

CUMULATIVESTORAGECHANG_
ill

Source DF Sumof Mean square F Psquares

Veget at i on 1 70.80 70.80 6.38 O.019
i

Surface type 2 2,403.15 1,201.57 108.26 0.000
,i i|,,

Vegetation x 2 6.09 3.04 0.27 0.762
surface

Error 24 266.36 1I. 10
i

CUMUI.ATIVEEVAPOTRANSPIRATION
i i

" Source DF Sum of Mean square F P
squares

Vegetation 1 70.15 70.15 6.32 0.019

Surface type 2 2,406.59 1,203.30 108.32 O.000
i

Vegetation x 2 6.05 3.03 0.27 0.764
surface

1Error 24 266.60 11.11

3-z9



WHC-EP-0597

Table 3-10. Sand and Gravel Mulches Analysis of Variance,
September 1988 to May 1990.
CUMULATIVESTORAGECHANGE

Source DF Sum of" Mean square F P
squares

i ill

Vegetation 1 152.16 152.16 10.54 0.003

Surface type 2 5,068.78 2,534.39 175.51 0.000 .i

Vegetation x 2 55.27 27.63 1.91 0.169
surface

,ii i

Error 24 346.57 i4.44

.... CdMULATIVEEvAPOTRANSPIRATION .......
ii i ii i,

Source DF Sum of Mean square F P
squares

i i i

Vegetation 1 160.48 160.48 12.07 0.00'2

Surface type 2 5,216.13 2,608.06 196.07 0.000

Vegetation x 2 53.85 26.93 2.024 0.154
surface

Error 24 319.24 13.30
ii

Table 3-11. Sand and Gravel Mulches Analysis of Variance,
September 1988 to October 1990.

,,,,

CUMULATIVESTORAGE CHANGE

Source D'F Sum of Mean"square F P
squares

i li

Veget at i on 1 210.86 210.86 9.79 O.005

Surface type 2 5,083.63 2,541.82.... 118.04 0.000

Vegetation x 2 130.9i 65.'45 3.04 0.067
surface

i

Error 24 516.79 21.53
i

..... CUMULATIVE EVAPOTRANSPIRATION
ii

Source DF Sum of Mean square F P .
squares

Vegetation 1 248.08 248.08 12.19 0.002

Surface type _; 5,358.06 2,679.03 131.63 0.000 "

vegetation ;_: 2 " 122.25 61.13 3.00 0.069
:_rl'ace

i

Error 24 488.48 _ 20.35
,,. , ,
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Table 3-12. Sand and Gravel Mulches Analysis of Variance,
September 1988 to March 1991.

i ii ,,i

CUMULATIVESTORAGECHANGE
i

Source DF Sum of Mean square F P
squares

" Vegetation 1 0.001 0.001 0.00 0.995

Surface type 2 4,280.96 2,140.43 110.23 0.000
i i i

" Vegetation x 2 10.87 5.44 0.28 0.758
surface

Error 24 466.05 19.42

.... CUMULATIVEEVAPOTRANsPIRATION

Source DF Sumof Mean square F P
squares

Vegetation 1 25.74 25.74 2.76 0.110 •

Surface type 2 .... 5,097.30 2,548.65 273.54 0.000

Vegetation x 2 35.30 17.65 1.89 0.172
surface

ii

Error. 24 223.62 9.32

Table 3-13. Sand and Gravel Mulches Analysis of Variance,
September 1988 to September 1991.

CUMULATIVESTORAGECHANGE
i

Source DF Sum of Mean square F P
squares

Veget at i on 1 707.95 707.95 13.97 O.O01

Surface type 2 6,093.32 3,046.66 60.11 0.000
r, iii i

Vegetation x 2 116.78 58.39 1.15 0.333
surface

Error 24 1,216.46 50.69

CUMULATIVE EVAPOTRANSPIRATION

Source DF Sum of Mean square F P
. squares

Vegetation 1 1,185.91 1,185.91 31.20 0.000
i

. Surface typel 2 7,489.80 3,744.90 98.53 0.000
.,.,

Vegetation x 2 71.14 35.57 0.936 0.406
surface

i

Error 24 912.15 38.01

k
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Table 3-14. Sand and Gravel MulchesAnalysis of Variance,
September 1988 to March 1992.

i ,

CUMULATIVESTORAGE CHANGE -
i

Source 'DF " Sum Of Mean square F P
squares .

i

Vegetation 1 163.51 163.51 3.77 0.64 _i

Surface type 2 4,988.61 2,494.31 57.54 0.000 .
i

Vegetation x 2 197.66 98.83 2.28 0.124
surface

Error 24 1,040.45 43.35
....... CUMULATIVE EVAPOTRANSPIRATION

Source DF Sum of Mean square F P
squares

,i iii ,,

Vegetation 1 521.25 521.25 25.46 0.000
.,li, ii

Surface type 2 6,738.58 3,369.29 164.55 0.000

Vegetation x 2 .... 82.60 4i.30 2.02 0.155
surface

Error _ 24 491.43 20.48
I,
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Figure 3-20. Sand and Gravel Xulches Storage Change Differences.
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3.3 CAPILLARYBREAKCONFIGURATIONANDIHPERHEABLELAYERS

The presence of either the alternative,bimodal capillarybreak structure
or an impermeableclay or grout layer has very little effect on the overall
pattern of storage (Figure3-22) or ET (Figure3-23). The presence of
vegetationdoes increasethe amount of ET and decreasesthe amount of storage,
but the subsurfacetreatments have very little effect.

The statisticalanalyses for the selectedmeasurementdates for the
capillarybreak treatmentsare provided in Tables 3-15 through 3-21, and the
analyses for the subsurface,impermeablelayers are presented in Tables 3-22
through 3-28. For the capillarybreak treatmentsthe control treatments are
the irrigated,plain soil surfacetreatments,and for the subsurface
impermeablelayer treatments the control is the bimodal, nonvegetated
treatment. Treatmentmeans for all of these treatmentsare shown in
Figures3-24 (storage)and 3-25 (ET).

For the capillarybreak configurationsthe only significanteffect was
that of vegetation, and this was only true for the autumn measurementdates.
On all three of the autumnmeasurementdates the amount of storagewas lower
and the amount of ET was higher for the vegetatedtreatments compared to the
nonvegetatedtreatments. For all of the spring measurementdates, there were
no significantdifferencesbetween the vegetatedand nonvegetatedtreatments.
There were never any significantdifferencesbetween the graded and bimodal
treatments,and the interactionbetween vegetationand capillary break
configurationwas never significant.

On the first and on the last two analysisdates the lysimeterswith a
grout layer had significantlylower storage and higher ET than the clay layer
or nonvegetatedbimodal lysimeters. The differencesat the first analysis
date may result from differences in the time to equilibriumfor the different
treatments,while there seems to be no easy explanationfor the differences
observed on the last two analysisdates. This may be a statisticalartifact
in that the within-treatmentvariationfor the three treatments in this
analysis are the smallestof all 18 treatments. For instance,the standard
deviation for the bimodal for March 1992, nonvegetatedtreatment is 1.235, for
the clay layer it is 0.743, and for the grout layer it is 1.291. All of the
other treatments have standarddeviationsranging from about 2.6 to 8.3.
Therefore, the observed differencesof about 4 cm for both ET and storage
would not have been significantfor other treatmentcombinations.

None of the lysimetersused in the tests of alternativecapillary break
configurationsor subsurface impermeablebarriers have produced any detectable
amountsof drainage.

3-35



WHC-EP-O5g7

3-36



WIIC-EP-0597

3-37



WHC-EP-0597

Table 3-15. CapillaryBreak ConfigurationAnalysis of Variance,
September 1988 to May 1989.

CUMULATIVESTORAGE CHANGE
i

Source DF Sum of Mean square F P
squares

Barrier type I 2.270 2.270 0.647 0.433

Vegetation I 1.091 1.091 0.31i 0.585
iii

Bar type x 1 0.079 0'079 0.022 0.833
vegetation

Error 16 56.151 3.509

CUMULATIVE EVAPOTRANSPIRATION

Source DF Sum of Mean square F P
squares

Barrier typei 1 2.273 2.273 0.649 0.432

Vegetation 1 1.119 1.119 0.320 0.580
i

Bar type x 1 0.078 0.078 0.022 0.884
vegetation

Error 16 56.006 3.500

Table 3-16. Capillary Break ConfigurationAnalysis of Variance,
September 1988 to October 1989.

,,

CUMULATIVESTORAGE CHANGE
i i i i ,

Source DF Sum of Mean square F P
squares

Barrier type I 9.004 9.004 I.136 0.302

veget at ion 1 95.741 95.741 12.075 O.003

Bar type x 1 13.396 13.396 1.689 0.212
vegetation
Error 16 126.863 7.929

CUMULATIVE EVAPOTRANSPIRATION

Sum of
Source DF Mean square F P

squares

Barrier type I 9.011 9.011 1.137 0.302 .

Vegetation 1 96.008 96.008 12.I12 O.003

Bar type x I 13.382 13.382 1.688 0.212
vegetation

,,

Error 16 126.828 7.927
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Table 3-17. Capillary Break ConfigurationAnalysis of Variance,
September1988 to May 1990.

CUMULATIVESTORAGE CHANGE

Source DF Sum of Mean square F P
squares

,, i, ,

" Barriertype I 1.607 1.607 0.175 0.681

Vegetation I 29.026 29.026 3.165 0.094

" Bar type x I 10.626 10.626 1.158 0.298
vegetation

Error 15 146.757 9.172
,

CUMULATIVE EVAPOTRANSPIRATION

Source DF Sum of Mean square F P
squares

Barrier type I 1.615 1.615 0.176 0.680

Vegetation I 29.149 29.149 3.177 0.094

Bar type x I 10.628 10.628 1.158 0.298
vegetation

Error 16 146.809 9.176

Table 3-18. CapillaryBreak ConfigurationAnalysis of Variance,
September1988 to October 1990.

CUMULATIVESTORAGE CHANGE
,

Source DF Sum of Mean square F P
squares

Barrier type I 4.315 4.315 0.594 0.452
[ ,,

Vegetation I 67.480 67.480 9.276 O.008

Bar type x I 24.013 24.013 3.297 0.088
vegetation

,

Error 16 116.400 7.275
,

CUMULATIVEEVAPOTRANSPIRATION

Source DF Sum of Mean square F P
squares

Barrier type I 4.329 4.329 0.594 0.452

Vegetation I 67.667 67.667 9.291 O.008

Bar type x I 24.013 24.013 3.297 0.088
vegetation

Error 16 116.530 7.283
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Table 3-19. Capillary Break Configuration Analysis of Variance,
September 1988 to March 1991.

CUMULATIVESTORAGECHANGE
i

Source DF Sumof Mean square F P
squares

Barrier type 1 10.655 10.655 0.849 0.371

Vegetation 1 12.738 12.738 1.015 0.329ii !

Bar type x 1 25.660 25.660 2.045 0.172
vegetation

Error 16 200.7'92 12.550
i

CUMULATIVE EVAPOTRANSPIRATION
i

Source DF Sum of Mean square F P
squares

i

Barrier type 10.677 10.677 0.851 0.370

Vegetation I 12.820 12.820 1.022 0.327i

Bar type x I 25.663 25.663 2.046 0.172
vegetation

Error 16 200.700 12.544

Table 3-20. CapillaryBreak ConfigurationAnalysis of Variance,
September 1988 to September 1991.

,,

CUMULATIVESTORAGE CHANGE
|

Source DF Sum of Mean square F P
squares

i

Barrier type I O.O0 0.00 O.O0 O.994i

Vegetation I 1,150.05 1,150.05 159.84 0.000

Bar type x I 4,12 4.12 0.57 0.460
vegetation

Error 16 115.12 7.20

CUMULATIVE EVAPOTRANSPIRATION
,,,

Source DF Sum of Mean square F P "
squares

Barrier type 1 0.001 0.001 0.00 0.993 ,

Vegetation I 1,150.826 1,150.826 159.48 0.000

Bar type x I 4.119 4.119 0.57 0.461
vegetation

Error 16 115.455 7.126
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Table 3-21. CapillaryBreak ConfigurationAnalysis of Variance,
September1988 to March 1992.

CUMULATIVESTORAGE CHANGE

Source DF Sum of Mean square F P
squares

" Barrier type I 0.944 0.944 0.125 0.729

Vegetation 1 692.705 692.705 91.519 0.000

• Bar type x 1 0.113 0.113 0.015 0.904
vegetation
Error 16 121.103 7.569

CUMULATIVE EVAPOTRANSPIRATION
i

Source DF Sum of Mean square F P
squares

Barrier type I 0.951 0.951 0.126 0.728

Vegetation I 693.305 693.305 91.553 '0.000

Bar type x I 0.113 0.113 0.015 0.904
vegetation

Error 16 121.164 7.573

Table 3-22. Alternative/ImpermeableBarriersAnalysis of Variance,
September 1988 to May 1989.

CUMULATIVESTORAGE CHANGE

Source DF Sum of Mean square F P
squares

Sublayer 2 27.120 13.560 14.595 0.001

Error 12 11.149 0.929

CUMULATIVEEVAPOTRANSPIRATION

Source DF Sum of Mean square F P
squares

Sublayer 2 25.405 12.702 13.452 0.001

Error 12 11.331 0.944
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Table 3-23. Alternative/Impermeable Barriers Analysis of Variance,
September 1988 to October 1989.

CUMULATIVESTORAGECHANGE
,,

Source DF Sumof Mean square F Psquares
' m

Sublayer 2 16.106 8.053 3.845 0.051

Error I 12 25"130 21094
II I •

CUMULATIVEEVAPOTRANSPIRATION

Source DF Sum of Mean square F P
squares

ii ii

Sublayer 2 15.000 7.500 3.662 O.057
ii

Error 12 24.575 2 048

Table 3-24. Alternative/ImpermeableBarriers Analysis of Variance,
September 1988 to May 1990.

CUMULATIVESTORAGE CHANGE
.

Source DF Sum of Mean square F P
squares ,,,,

Subl ayer 2 15.533 7.767 3.481 O.067i ,,, ,,

Error 12 27.268 2.272
i

CUMULATIVEEVAPOTRANSPIRATION
i II

I

Source DF Sumof Mean square F P
squares

Sublayer 2 14.297 7.148 3.113 O.081
i

Error 12 27.559 2.297

t
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Table 3-25. Alternative/ImpermeableBarriers Analysis of Variance,
September ]988 to October 1990.

CUMULATIVE STORAGECHANGE

Source DF Sum of Mean square F Psquares

- Sublayer 2 14.828 7.414 3.306 0.072
i i

Error 12 26.908 2.242

" CUHULATIVE EVAPOTRANSPIRATION
iii

Source DF Sum of
squares Mean square F P

i

Sublayer 2 13.687 6.843 3.054 O.085
i

Error 12 26.893 2.241

Table 3-26. Alternative/ImpermeableBarriersAnalysis of Variance,
September 1988 to March 1991.

CUMULATIVE STORAGECHANGE

Source DF Sum of Mean square F P
squares

i

Sublayer 2 6.229 3.150 1.071 0.373
Error 12 35.279 2.940

CUMULATIVEEVAPOTRANSPIRATION
i i

Source DF Sum of Mean square F Psquares

Sublayer 2 5.396 2.698 0.873 0.443

Error 12 37.103 3.092
L-,
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Table 3-27. Alternative/ImpermeableBarriers Analysis of Variance,
September 1988 to September 1991. i

CUMULATIVESTORAGE CHANGE
ii

Source DF Sum of Mean square F P
squares

i

Sublayer 2 51.707 25.854 14.450 0.001
Error 12 21.470 1.789

CUMULATIVEEVAPOTRANSPIRATION
i

Source DF Sumof Mean square F P
squares

Sublayer 2 49.317 24.659 13.937 0.001
Error 12 21.232 1.769

Table 3-28. Alternative/ImpermeableBarriers Analysis of Variance,
September 1988 to March 1992.

i

- CUMULATIVESTORAGECHANGE

Source DF Sumof Mean square F Psquares

Sublayer 2 54.192 27.096 21.713 0.000
Error 12 14.975 1.248

CUMULATIVEEVAPOTRANSPIRATION
i i,i

Source DF Sumof Mean square F P
squares i

Sublayer 2 51.516 25.758 19.844 0.000
Error 12 15.576 1.298

ii ,i. " i
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4.0 SUHHARYANDCONCLUSIONS

Drainage has not occurred in any of the lysimeters with soil or gravel
admix surfaces; thus, the total amount of water input (ambient precipitation
and supplemental irrigation) has been effectively partitioned into ET and

. storage. For the soil and gravel admix lysimeters, the amount of ET exceeded
the amount of water input resulting in a net decrease in lysimeter water
storage, except when supplemental irrigation was applied during the wettest

. periods of the year. At these times there was a very slight increase in water
storage. The presence of a layer of gravel mulch or sand on the surface of
the lystmeter greatly t_lcreases the amount of water storage and decreases the
amount of ET compared to lysimeters with a plain soil or gravel admix surface.
This is especially true for the sand and gravel mulch lysimeters that received
supplemental irrigation. The nonirrigated, nonvegetated grave] mulch
lysimetersshowed a steady increase in water storage during the last 3 years
of observation,suggestingthat ET from these lysimetershas been consistently
less than precipitation. This suggeststhat, even under present climatic
conditions,the potentialfor infiltrationthrough the protective barrier is
high if a gravel mulch surface is allowed to develop. The effectsof a gravel
mulch surfaceappear to be stronglyoffset by the presence of vegetation,at
least under current ambient precipitationconditions.

The various subsurface treatments(bimodal capillaryand graded capillary
breaks, clay, and grout layers) had no effect on the overall soil water
balance. None of the lysimeters in these tests has produced drainage, and the
ET and water storage patterns are very similar.

Vegetative growth has not been directly measured on the lysimeters during
these experiments,but the relative quantity of plant material was visually
observed to be greater in 1991 and 1992 than in either of the previous
2 years. Indirectevidence for this is the increase in the amplitudeof the
seasonal fluctuationsin water storageover the last 500 days of the
experiments. Even with the increasedamount of vegetationduring the last
2 years, there appeared to be less plant material per unit area than in the
surrounding,undisturbedshrub steppe. Thus the vegetation treatmentsare
approximatinga lower limit of plant productivity,which suggests that the
measured amounts of ET may be less than the potential ET that may occur on a
full-sizeprotectivebarrier. Also, cheatgrass communitiesare relatively
shallowrooted and have been reported to use less water than a sagebrush-
bunchgrass communityoccupyingsimilar sites (Cline et al. 1977). The
protective barrierswill probablybe seeded with perennialbunchgrasses,which
will be simulatedin the vegetatedlysimetersat STLF beginning in FY 1993.

4
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